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1. Introduction 
To meet the growing demands of energy supplies, many kinds of energy storage devices have been 
developed. To satisfy the requirements in daily applications, a desired electric energy storage device should 
deliver both a high energy density and a high power density. Due to its high power density and long service 
life, the electric double layer capacitor (EDLC), namely the supercapacitor, has stood out for its outstanding 
performance among various energy storage devices. But its energy density has limited many of its 
applications [1]. To address this issue, two apparent strategies have been explored intensively according to 
the equation: E = CU2/2 that governs the energy density E with C being the specific capacitance, and U the 
working voltage across the anode and cathode. One is enlarging specific capacitance (C) and another is 
increasing working voltage (U).  
 
Fig.1. Illustration of required properties of electrode materials and electrolyte for supercapacitors with high energy 
density. 
 
As shown in Fig.1, porous graphene material has been recognized as an attractive electrode due to its 
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good conductivity and large specific surface area. Meanwhile, ionic liquid has been investigated as a 
new-type electrolyte since its electrochemical window is usually much wider than both aqueous electrolyte 
and the commonly used organic electrolytes [2, 3]. In our study, carbon nanotubes (CNTs) have been 
preferred as an effective spacer to prevent the re-stacking of graphene layers [4-9]. And porous graphene 
materials have been synthesized in the form of CNT/graphene composites (Fig.2). 
 
Fig.2. Schematic of carbon nanotube (CNT)/graphene composite. CNT serves as spacers between graphene layers. 
 
However, some problems still limit the enhancement of energy density. One is the lack of linearity 
between C and A. In another word, the larger specific surface area sometimes doesn’t lead to larger specific 
capacitance [10, 11]. The pore structure of materials, mainly size and distribution of pores, have affected 
whether the pores can successfully adsorb and desorb ions or not, which is the fundamental of 
supercapacitors (Fig.3). To address this issue, we have synthesized CNT/graphene composite with different 
pore structures by adjusting the ratio of the spacer. The pores are classified into several types according to 
the ratio of pore size to ion size. And the relationship between pore structure and specific capacitance in an 
ionic liquid has been analyzed by two kinds of fitting method.  
 
Fig.3. Influence of pore structure on the adsorption of ions in supercapacitors. 
 
Another problem is the underutilization of electrochemical window of ionic liquids due to different 
potential range distributed on two electrodes. It leads to the smaller working voltage of supercapacitors. The 
mechanism for different potential windows of two electrodes is illustrated in Fig. 3 and Eqn. (1-4) below:      
Q+= Q-                                          (1) 
   Q = mCU                                      (2) 
m+C+U+ = m-C-U-                                                          (3) 
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 =                                     (4) 
where Q+ and Q- represent the electric charge on the anode and cathode, respectively, U+ and U- are potential 
windows for the two electrodes, respectively, C+ and C- are the specific capacitance of the two electrodes, 
respectively, and m+ and m- are the mass of the two electrodes, respectively. Since the two single EDLCs on 
the anode and cathode are connected in series in a full supercapacitor device, the electric charge on the two 
electrodes is the same (Eqn. 1). Then the potential windows for the two electrodes are determined by the 
specific capacitance and mass of the two electrodes (Eqn. 4). In a symmetric supercapacitor, a possible 
situation is that one electrode will reach the potential limit sooner than the other due to the different value of 
C+ and C-. In such a case a range of potential on the opposite electrode will not be utilized in 
charging/discharging.  
 
 
 
 
 
 
 
 
 
Fig 4. The schematic images of supercapacitors (a) and the potential ranges of two electrodes (b). The two EDLCs on 
two electrodes are in series so that the electric quantity is the same. When one electrode has reached the potential 
limitation while another one has not reached, a waste potential range will arise so that the working voltage (U) is 
smaller than the potential window of electrode. 
 
Considering behaviors of cation and anion could be different in pores, the potential window on two 
electrodes and the working voltage may also be affected by pore structure. In this study, we have clarified the 
different potential distributions on two electrodes by using a three-electrode system. Meanwhile, by adjusting 
the mass ratio of the two electrodes according to Eqn.4, the electrochemical window could be utilized fully – 
the working voltage U on the device is also uplifted. 
 
2. Carbon Nanotube/Graphene Composite with Adjustable Porous Structures as Electrode Materials 
in Supercapacitors  
To further enlarge the specific surface area of CNT/graphene composites, more efforts need to be paid to 
Potential 
Window 
of 
Electrode 
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eliminate the aggregation of CNTs and improve the interface coupling between CNTs and graphene oxide 
(GO) before co-reduction. Several research groups have preferred to fabricating covalent bond between GO 
and CNTs. But it requires special conditions, such as extremely low temperature or inert gas atmosphere. 
Another commonly used way is to oxidize the CNTs since the oxygen-containing groups can reduce the 
tendency aggregation of CNTs in water. Besides, the oxidation makes the CNTs more hydrophilic so that it is 
easier to combine CNTs with GO by hydrogen bonds in water [12]. In the present study, we have preferred 
the oxidation method to improve the dispersity of multi-wall carbon nanotube (MWNT). We have 
synthesized CNT/graphene composites, namely reduced product of oxidized MWNT/GO (RMGO) 
composites, with different pore structures by adjusting the ratio of oxidized MWNT to GO. As shown in 
Fig.5, oxidized MWNT kept the structure of nanotube and the CNT can be clearly observed in the 
composites. 
Fig.5. SEM Images of (a) MWNT, (b) oxidized MWNT, (c) CRGO, and (d) RMGO-4 composite. The CNTs can be 
clearly observed in the composite. 
 
The performance of materials in supercapacitors is characterized by the charge-discharge process at constant 
current and the cyclic voltammetry (CV) method from 0 to 3.7 V. EMI-BF4, a room temperature ionic liquid 
with wider electrochemical window, is employed as the electrolyte. The CV curves of reduced materials 
(Fig.6) are rectangular, indicating the capacitance of materials comes from physical adsorption-desorption of 
ions rather than faradic process. As shown in Fig.6, the C is obviously enlarged compared with RGO when 
the ratio of oxidized MWNT is larger than 1/12 and the RMGO-8 has the largest C of 213 F g-1, increasing 
by 61% compared with RGO. However, RMGO-4 has the largest C, 162 F g-1, at 6.0 A g-1 and the 
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second-largest C, 206 F g-1, at 0.2 A g-1. In another word, RMGO-4 has the best rate capability at 3.7 V and 
the capacity retention ratio was 79%. It is worth noting that RMGO-6 doesn’t show the largest C even 
though it has the largest A of 742 m2 g-1. Considering many reported discussions, the lack of linearity 
between C and A is mainly due to the different capacitance from the double layer in different pores. In 
another word, pores with different sizes may have different contributions to C [13, 14]. 
Fig.6. (a) Charge-discharge curves, (b) cyclic voltammetry (CV) curves and (c) rate capability of electrode materials in 
EMI-BF4. The retention of RMGO-4 is 79%. The current density of charge-discharge process is 0.2 A g-1 and the scan 
rate of CV is 20 mV s-1. The supercapacitors are charged from 0 to 3.7V and RMGO-8 has the largest specific 
capacitance at 0.2 A g-1. However, RMGO-4 has better rate capability than RMGO-6 and RMGO-8. 
 
3. Analysis of Ion Behaviors in Pores with Different Sizes and Their Different Contributions to 
Specific Capacitance  
The ionic behaviors are analyzed by multi-linear fitting between specific capacitance and specific surface 
area of different pores. The pore distribution of CNT/Graphene materials was characterized by the nitrogen 
adsorption-desorption method as shown in Fig.7.  
   
Fig.7. Pore distribution of electrode materials. The left one shows the differential pore surface area and the right one 
shows the cumulative pore surface area. The radius of pores in electrode materials is smaller than 2.5 nm.  
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Fig. 8 shows the results of multi-linear fitting for cation and anion separately. Firstly, anions prefer 
moveing in the form of ion-clusters [15] while cations move as the isolated ions. Secondly, for both cations 
and anion-clusters, pores with radii in the range of two to three times of cation and anion-clusters are the 
most efficient pores. It is due to the changed ion packing configuration in different pores. In addition, pores 
smaller than the ion sizes could hinder the utilization of larger pores when the ink-bottle structure is present.  
We suppose that it may be due to the existence of ink-bottle pores [16]. The “neck” of the ink-bottle 
pore is exposed to electrolyte while another end of the pore is closed. Considering the larger surface area of 
pores (r < 0.38 nm) in RMGO composites, some of these pores may form the narrow “necks” and make the 
larger pores inaccessible.  
 
Fig.8. Measured specific capacitance (black) and fitted specific capacitance (red) in EMI-BF4 by multi-linear fitting 
method. The left one is for cations and the right one is for anions. 
 
4. Analysis of Ion Behaviors Affected by Voltage in Different Pores and Their Influences on 
Performance of Supercapacitors 
Besides enlarging specific capacitance, increase the working voltage (U) is another approach to enhance the 
energy density. Using an electrolyte with a wider electrochemical stability window is a direct way to reach a 
larger U. In this study, we has preferred a kind of ionic liquid, 1-methyl-1-propylpiperidinium bis 
(trifluoromethyl sulfonyl) imide (MPPp-TFSI), since its electrochemical stability window is larger than the 
ionic liquids, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF4) mentioned above. Since ion 
behaviors in pores would be different when voltage increases according to several reported discussion, we 
have taken multiple-linear fittings between specific surface area of different pores and specific capacitance of 
when supercapacitors are charged to 4.0V and 4.5V respectively (Fig. 9).  
According to the fitting results, the most efficient pores for cations are pores (0.68nm < r < 2.5nm) 
while those are pores (0.96nm < r < 2.5nm) for anions. It is due to the existence of ion-clusters in 
MPPp-TFSI electrolyte due to its high viscosity. In addition, more ions can be squeezed into accessible pores 
by increased voltage. And for anions, some smaller pores can be expanded by anion-clusters forced by higher 
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voltage. The two behaviors above are the reasons for the larger specific capacitance at the higher applied 
voltage of supercapacitors.  
 
Fig. 9. Measured specific capacitance (black) and fitted specific capacitance (red) of TFSI- by multi-linear fitting 
method when applied voltage is (a) 4.0 V and (b) 4.5 V. R2 is the coefficient of determination and the error bar is the 
standard deviation. 
 
5. Enlarging Energy Density of Supercapacitors Using Unequal Carbon Nanotube/Graphene 
Electrodes with Improved Porous Structure in Ionic Liquid Electrolyte 
Based on the ion behaviors figured out above, we have improved the pore structure of CNT/graphene by 
eliminating the pores accessible for neither cations nor anions (Fig. 9a), which are supposed to have negative 
effect on specific capacitance. It is realized by the better dispersion of CNTs in water by using a surfactant. 
In addition, a greater working voltage has been achieved by the design of an asymmetric configuration of 
supercapacitors in ionic liquid MPPp-TFSI. When the mass ratio of negative electrode to positive electrode 
is set to 1.5, the supercapacitor could be charged to 4.7 V and a high energy density of 118 Wh kg-1 is 
obtained at a charging/discharging current density of 1.0 A g-1 as shown in Fig. 9b. 
 
Fig 10. (a) Pore distribution of CNT/graphene and RMGO-4 composites, and (b) voltage distribution of asymmetric 
supercapacitors when the mass ratio of two electrodes is 1.5. 
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6. Summary 
In this study, we firstly enlarge the specific capacitance of graphene-based electrode materials by using 
carbon nanotubes (CNTs) as spacers. The improved dispersion of CNTs treated by oxidization method has 
effectively prevented the aggregations between nanotubes. Subsequently, we have modified the pore 
structure of CNT/graphene composite according to the ion behaviors in different pores, which has been 
clarified by the fitting analysis between various pore surface area and specific capacitance. The inaccessible 
pore, which may hinder the contribution of accessible pores, has been eliminated in the improved materials. 
Finally, the energy density has been enhanced by designing an asymmetric configuration of supercapacitors 
based on the improved CNT/graphene composite. The high energy density, 118 Wh kg-1, is realized by both 
increased specific capacitance and the designed voltage distribution on electrodes (Fig. 11). 
Fig. 11. Schematic showing the realization of high energy density in supercapacitors by improved CNT/graphene 
materials and designed asymmetric configuration. The improvement of materials is based on the clarified ion behaviors 
in this study. 
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